ABSTRACT. There are evidences that Bryconamericus aff. iheringii represents a species complex. DNA molecular markers have been effective in studies on phylogeny, taxonomy, and identification of cryptic species. In this study, partial sequences of genes of ATPase 6 and 8 were used to assess genetic diversity within and among populations of B. aff. iheringii of sub-basins of Tibagi, Pirapó and Ivaí rivers, belonging to the Upper Paraná river basin. The analysis of the sequences of genes pointed out high genetic diversity in B. aff. iheringii from the sub-basins studied with genetic distance values comparable to those found among different species. There was a division of the individuals into five groups. The comparison with other species of Bryconamericus that have sequences available in GenBank confirmed that the individuals studied have relevant values of genetic distance, found among different species. Nevertheless, with the available data it is not possible to refute the hypothesis that the populations correspond to a group resulting from hybridization or that there might have been introgression of mitochondrial DNA among different species.
Introduction
One of the major groups of freshwater fish worldwide is formed by representatives of the Characiformes order (NELSON, 2006) . Genetic and cytogenetic studies have confirmed the hypothesis shared by systematists that it is a nonmonophyletic group (SAITOH et al., 2003) . Many studies have indicated problems of classification from specific (CAPISTANO et al., 2008; PAINTNER-MARQUES et al., 2003; PRIOLI et al., 2004) to superorder levels (SAITOH et al., 2003) . The family Characidae, included into Characiformes, has been divided into subfamilies by different authors, due to the large number of species and the similarities among groups of genera. Thus, the species with poorly known evolutionary relationships were considered Incertae sedis, including Bryconamericus genus (LIMA et al., 2005) . The taxon B. iheringii is described as having its typelocality in São Lourenço City (Rio Grande do Sul State -Brazil), thus the species that occur in the Paraná river is probably new to science, so that it would be more appropriate to call them as B. aff. iheringii (GRAÇA; PAVANELLI, 2007) Cytogenetic studies have been undertaken with individuals of B. aff. iheringii. In specimens of Água da Floresta river, at the sub-basin of Tibagi river, individuals showed a diploid number (2n) of 52 chromosomes distributed as 8M+22SM+10ST+12A, with a fundamental number (FN) of 92 (PAINTNER-MARQUES et al., 2003) . The same 2n was found in a population of Keller stream, at the sub-basin of Ivaí river (PORTELA-CASTRO; JULIO-JUNIOR, 2002 Although the 2n= 52 chromosomes is a characteristic of Bryconamericus sp., as described previously, the karyotypes for different species in this genus vary, suggesting that chromosomal rearrangements may be involved in the karyotypic evolution of this group of fish (PAINTNER-MARQUES et al., 2003) . Portela-Castro and Julio-Junior (2002) suggests that these changes may have been the result of pericentric inversions and that perhaps these cytotypes correspond to different species of Bryconamericus.
The genetic variations can be analyzed by molecular markers, such as the sequences of mitochondrial DNA (mtDNA) (PRIOLI et al., 2002) . The mitochondrial DNA molecule is highly conserved; however, the mitochondrial genes ATPase 6 and 8 have the characteristic of accumulating nucleotide substitutions that can detect genetic variations among species or even among populations of the same species (BERMINGHAM; MARTIN, 1998; MACHORDON; PERDICES; WONG et al., 2004) . Therefore, the molecular analysis, comparing different populations of B. aff. iheringii, can provide important information in elucidating the condition of these taxonomic species. described by Lovette et al. (1998) . Amplifications were carried out according to Prioli et al. (2002) . The samples were purified after the amplification, according to Rosenthal et al. (1993) . The final product of PCR reaction was used in sequencing reactions of nucleotides in a MegaBace Automatic Sequencer (Amersham) following manufacturer's instructions.
Material and methods

Specimens of
The sequences amplified were aligned with the program Clustal W (THOMPSON et al., 1994) and edited in Bioedit (HALL, 1999) . Procedures using the corrected Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC) of the program Modeltest 3.7 (POSADA et al., 1998) were determined by maximum likelihood. The differentiation among populations of different subbasins was inferred from neighbor-joining and maximum likelihood trees, and Bayesian Inference using the model defined by the program Modeltest 3.7. The neighbor-joining tree, with 10,000 bootstrap samplings, was performed with the program MEGA 4.0 and the maximum likelihood tree, also using 10,000 bootstrap samplings, was obtained with the program PAUP4.0.b10b4 (SWOFFORD, 2002) .
The Phylogeny of Bayesian inference, which calculated the posterior probability of genealogical relationships in a better model of development, was obtained by the Markov Chain Monte Carlo Simulation (MCMC) using the program MrBayes 3.0 (HUELSENBECK; RONQUIST, 2001) . The tree was done with 300,000 generations, with the retention of 10 generations. The first 20,000 generations were discarded because the number was determined for the parameters converging to stability. Consequently, only 280,000 generations were used to calculate the consensus tree.
For the phylogenetic analysis, an individual of the species B. scleroparius was used as outgroup.
Scatter plots of the haplotypes were made in main coordination, with the program Statistica 6.0 (STATSOFT Inc., 2001) .
GenBank sequences of other species of Bryconamericus (AF412573 -AF412627) were selected and analyzed to be compared to the sequences of B. aff. iheringii obtained in this study. In order to ensure greater reliability in the analysis, the sequences were aligned, and only those pairs of bases in the region of the genes of ATPase 6 and 8, were considered. The differentiation among populations of different species of Bryconamericus was inferred from neighbor-joining and maximum likelihood dendrograms, using the same model previously defined by the program Modeltest 3.7. The neighbor-joining clustering based on 10,000 bootstrap samplings was conducted with the program MEGA 4.0. The dendrogram of maximum likelihood was obtained with 500 bootstrap samplings of the program PAUP4.0.b10b4 (SWOFFORD, 2002) .
Results
With the PCR amplification, it was possible to have a sequence of approximately 1,500 base-pairs (bp). However, a shorter sequence with 800 bp, covering the partial regions of the genes of ATPase 6 and 8, was selected for analysis due to its better quality sequencing after manual editing. The proportion of bases found in this sequence was A= 0.2910; C= 0.2857; G= 0.1074; T= 0.3159, with the transition/transversion rate ratios (Ti/Tv) of 4.099, the estimate of global genetic differentiation (Nst) equal to 6, with rate of invariant nucleotides (I) of 0.6693. Based on the characteristics found in the sequences studied, the evolutionary model that best applies to explain the genetic model was the Tamura Nei plus I (TrN+I) model. The alignment sequences analyzed showed nucleotide substitutions of 143 points, being 28 transversion and 125 transitions. There were a high number of substitutions associated with groups of individuals, indicating genetic similarity among them. In this way, individuals were classified into five groups. The neighbor-joining and maximum likelihood trees have confirmed the formation of five groups (Figure 2) . Table 2 lists the values of the average nucleotide diversity calculated with the TrN+I model among the five groups of B. aff. iheringii and the outgroup B. scleroparius. The values obtained were at least 0.04, between groups 1 and 3, and a maximum of 0.132, between groups 1 and 5. The scatter plot of haplotypes confirmed the formation of five distinct groups within the species (Figure 3) .
The Bayesian Inference of Phylogeny tree has confirmed the groups trained in neighbor-joining and maximum likelihood trees (Figure 4) . The high values of a posteriori probability indicate the trend of branches generated when it is assumed a large number of generations.
The neighbor-joining groups, with 10,000 bootstrap samplings, and maximum likelihood, with 500 bootstrap samplings, constructed with the TrN+I model among the five groups of B. 
Discussion
Several studies with different approaches have been performed using the genes of ATPase 6 and 8 in fish. At lower taxonomic levels, with close phylogenetic relationships, such as populations of the same species and subspecies, the surveys have shown that the genetic distances, in absolute values, vary between 0.002 and 0.054 (FAULKS et al., 2008; KINZIGER et al., 2007; MACHORDOM; PERDICES; SIVASUNDAR et al., 2001) . Among species of the same genus, the observed values are between 0.015 and 0.13 (FROUFE et al., 2005; MACHORDON; PERDICES; REID; WILSON, 2006; SIVASUNDAR et al., 2001) . For higher taxonomic levels, the values of genetic diversity are also high, ranging from 0.062 to 0.16 (SIVASUNDAR et al., 2001; FROUFE et al., 2005) .
In the analysis with the model of nucleotide substitution TrN+I, the distances obtained have showed five groups of B. aff. iheringii. The distances TrN+I between groups 1 and 3 (0.040) and groups 1 and 5 (0.132) are comparable with the distances TrN+I among Bryconamericus species with sequences available in GenBank, whose values are distributed from 0.030 to 0.093. In this distribution, the lowest values are compatible with intra-specific levels found in the literature. In contrast, the highest values are at levels found in congeneric species.
Considering that, in this study it was used only representatives of B. aff. iheringii from sub-basins located in the upper Paraná river, it was not expected high levels of molecular polymorphism. However, diversity could be expected at low levels in populations of B. aff. iheringii of the upper Paraná river, as found in previous studies, in some cytotypes, with the same diploid number, but with different karyotypic forms (PORTELA-CASTRO; JULIO-JUNIOR, 2002; CAPISTANO et al., 2008) .
In cytogenetic studies, the individuals of Ivaí river had four different cytotypes, while in the molecular analysis, only two haplotypes. One of these haplotypes was also found in individuals of the Pirapó river, belonging to group 3, the only group that was distributed in all sub-basins studied. This fact can be justified due to the greater proximity between the collection points in the Ivaí and Pirapó rivers, with a greater possibility of connection between fish populations with a lower genetic diversity due to the increased gene flow.
Possibly this haplotype has arisen from populations in Tibagi river, which presents several waterfalls that vary from 1.5 to 115 meters, along an altitude variation of 762 meters (FRANÇA, 2002) . This condition favors the isolation of populations and the emergence of different haplotypes.
Until recently, there were no anthropogenic barriers that could have prevented the displacements source-mouth, thus it is plausible that regular migrants from group 3 have reached the basin of Paranapanema, Paraná and Ivaí rivers. Apparently, the haplotypes of groups 2 and 5 were restricted to Tibagi river basin (Figure 2) . A probable explanation for the differences in the geographic distribution would be the greater aggressiveness and/or dispersal ability of the group 3. As a result of the wider geographic distribution, the average intra-group distance (d = 0.008) shows that the group 3 is more heterogeneous. Morphologically, it can be suggested that the populations of B. aff. iheringii belong to a single species. However, the neighborjoining and maximum likelihood trees indicate the formation of two clades, because of the consistent values of genetic differences, which may indicate the presence of at least two ancestral species. The clade A with the groups 1, 2 and 3, and the clade B with the groups 4 and 5 (Figure 2 ). This configuration is confirmed by high bootstrap values in the trees. The scatter plots of haplotypes (Figure 3 ) corroborate the information provided by the group, and Bayesian inference (Figure 4 ) evidences a high value of a posteriori probability (1.00) for the branch between these two clades.
The distances found between clades A and B of B. aff. iheringii (0.11 to 0.132) ( Table 2) are at levels equivalent to those found for different species of Bryconamericus, showing high genetic differentiation. Moreover, within each clade, the genetic distances among groups correspond to interspecific distances.
The genetic distances among groups and other species of Bryconamericus were higher, ranging from 0.18 to 0.217 (Table 3) . Values are within a range of distances often found among species of the same family but of different genera. This result could be expected, since the sequences of Bryconamericus available in GenBank are of Central American species (REEVES; BERMINGHAM, 2006). Neighbor-joining and maximum likelihood groups ( Figure 5 ) corroborate these results. Among the species in GenBank, the one that presents more genetic diversity is B. emperador, possibly because of the large number of individuals sampled. Nevertheless, the genetic distances among them are very low. Still, Reeves and Bermingham (2006) characterized B. emperador as the group "emperador". Thus, if low values are distant enough to reveal a species complex, then, the values determined in this study for the groups are pertinent to those found for different species. So, the analyses suggest that the levels of genetic differentiation of B. aff. iheringii of the upper Paraná river are consistent in indicating divergences compatible with a species complex, with up to five different species.
The nucleotide differences found among the haplotypes strongly indicate interspecific levels. However, with the data available it is not possible to discard the hypothesis that the populations may correspond to a group resulting from the hybridization of two or more species of Bryconamericus. Another possibility would be the introgression of mitochondrial DNA among different species. Regardless the explanation, it seems inevitable that there should be events of speciation. Nevertheless, for a greater understanding of the genetic overview of this group, further studies are required, using molecular markers more conserved than ATPase.
Conclusion
In this way, taking into account that B. aff. iheringii shows molecular evidences of formation of species complexes, it is likely that analysis of samples from other regions and other basins could reveal many other groups genetically differentiated at interspecific level. This analysis pointed out remarkable evidences of the diversity under the name B. aff. iheringii, but for now, only available in molecular analyses. Because of its magnitude, it is imperative that taxonomic studies, supported by molecular methods, promote the mapping of this diversity.
